The three-dimensional structure of the regular surface layer of Sporosarcina ureae has been determined to a resolution of 1.7 nm by electron microscopy and image reconstruction. The S-layer has p4 symmetry, a lattice constant of 12.9 nm, and a minimum thickness of 6.6 nm. The reconstruction reveals a distinct domain structure: a massive core, arms connecting adjacent unit cells, and spurs which make contact at the subsidiary fourfold symmetry axes. In the z-direction the domains appear to be arranged in three planes, creating two entirely different surface reliefs. The S-layer has a complex pattern of pores and gaps that are 2 to 3 nm wide. In addition, the secondary-structure composition has been determined by infrared spectroscopy: about 35% of the polypeptide appears to have a ,-structure conformation.
Regular surface layers (S-layers) have been found to be cell envelope components of many bacteria in almost all phylogenetic branches of both eubacteria and archaebacteria (31) . They represent the border between the bacterial cell and the surrounding environment, unless the surface is coated by a dense heteropolysaccharide capsule. The functions attributed to S-layers are related to their exposed location; however, information on functional aspects is still rather scarce (31) , and S-layers are probably multifunctional, especially since they may be associated with different components of the cell envelope (underlying membrane or peptidoglycan) (W. Baumeister and H. Engelhardt, In J. R. Harris and R. W. Home (ed.), Electron Microscopy of Proteins, vol. 6, in press). Most information on S-layers has been accumulated by structural investigations using electron microscopy and image processing. Three-dimensional (3-D) reconstructions of regular layers of some unrelated bacteria (SAB values of <0.3) have been completed, and these appear to have very different domain structures. The species that have been investigated are Bacteroides buccae (30) , "Synechocystis" sp. (20) , Chlamydia trachomatis (10), Pseudomonas acidovorans (9) , Deinococcus radiodurans (2) , the archaebacterium Sulfolobus acidocaldarius (12) , and the regular cell sheath of Methanospirillum hungatii (29) .
Sporosarcina ureae is a member of the classical grampositive bacteria, closely related to Bacillus pasteurii and Bacillus sphaericus (14, 24) . S. ureae possesses a tetragonal S-layer (3, 5) resembling the "T-layer" of B. sphaericus (1, 23) , from which a 3-D reconstruction has also been recently completed (22) . The complex multidomain structure of the S. ureae layer underlines the value and necessity of 3-D studies in order to compare the topology of S-layers adequately. Knowledge on the 3-D structure is a prerequisite for understanding the interactions between the S-layer, the environment, and the associated cell wall component. It was already clear from the earlier studies that the two surfaces of the S. ureae layer must be different (5, 33) .
The 3-D reconstruction was obtained using the new real space/Fourier space approach (27) combining correlation averaging and conventional methods of 3-D reconstruction in Fourier space. High tilting yielded a nearly isotropic * Corresponding author. resolution with information extending to 1.7 nm. We describe here the 3-D structure as determined from negatively stained preparations and present some infrared (IR) spectroscopic data on the secondary structure of the S-layer protein.
MATERIALS AND METHODS
Cell cultivation and preparation. S. ureae ATCC 13881 was cultivated aerobically at 30°C in a medium (pH 8.0) containing 10 g of tryptone, 1 g of yeast extract, 1.1 g of glucose, and 0.02 mol of sodium phosphate per liter. The cells were harvested in the late-logarithmic-growth phase and then washed twice with a buffer solution (50 mM sodium phosphate, pH 7.8, 1 mM MgCl2). The cells were resuspended in the same buffer solution and disintegrated in a cell mill at 4°C with glass beads of 0.1 to 0.11 mm diameter. Unbroken bacteria were removed by differential centrifugation, and the cell envelope fragments were suspended in buffer. Membranes were solubilized by treatment with 1% Triton X-100, and the cell walls were washed repeatedly. For solubilizing the peptidoglycan, lysozyme (0.1 mg/ml) was added, and the samples were then incubated for several hours at 30°C. The S-layer preparation was repeatedly washed, resuspended in small amounts of buffer containing 0.02% NaN3, and stored at 40C.
Electron microscopy. The S-layer preparation was suspended in distilled water and the layers adsorbed onto carbon-coated copper grids made hydrophilic by glow discharge. The preparations were negatively stained with 1.5% sodium phosphotungstate, pH 6.8, with 0.015% glucose added to promote homogeneous staining. Electron microscopy was performed using a Philips EM420 microscope equipped with the unlimited tilt specimen holder of Chalcroft and Davey (8) . Micrographs were taken at 80 kV at a magnification of x36,000. Sixteen images were recorded starting and finishing the series with untilted micrographs. Nominal tilts from 78.50 to 9.5°with unequal increments were applied according to the scheme of Saxton et al. (27) .
The lattice constant of the S-layer was determined by electron diffraction according to a method described previously (17) using the diffraction rings of crystalline water for internal calibration. Image processing. The micrographs were preselected using optical diffractometry. Two series of comparable quality showing opposite handedness in the optical diffractograms were digitized in arrays of 512 points square at an interval of 20 ,m, corresponding to 0.59 nm at the specimen level.
The 3-D reconstruction was obtained using the hybrid real space/Fourier space method (27) ; average unit cells were obtained by correlation averaging (26) . In view of the high focus gradient in high-tilt images, averaging was restricted to strips parallel to the tilt axis. The base vectors and the nominal-tilt angles were applied to a least-squares fitting program to determine the correct tilt angles, the specimen inclination, and the tilt axis azimuth. The offset was -3.7°, and the highest-tilt angle was thus 74.80; the specimen inclination proved to be insignificant (<0.10). The unit cells were extracted, aligned with each other, and normalized according to procedures described in detail previously (27) . The lattice lines were fitted using the method of Shaw (28) as modified by Baumeister et al. (2) ; the lattice lines of higher orders were subsequently smoothed by hand if necessary. The extent of the lines was chosen to give a layer spacing of 0.15 nm. A 3-D model was obtained from the density distributions by applying suitable thresholding to each density layer. 3-D representations were created by a computer surface-shading program providing views of the reconstruction solid (25) .
Surface relief reconstruction. Rapidly frozen cells were deep etched for 2 min at -100°C in a Balzers 360 freezeetching machine and unidirectionally shadowed with -0.5-nm Ta/W at 450 and subsequently with about 15-nm carbon at normal incidence. Micrographs of the replica were digitized and subjected to correlation averaging as described above. Surface relief reconstruction was performed according to the method described in detail previously (18; W. Baumeister, R. Guckenberger, H. Engelhardt, and C. L. F. Woodcock, Ann. N.Y. Acad. Sci., in press) starting with unit cells extracted from correlation averages.
Attenuated total reflection IR spectroscopy. IR measurements of the S-layer were performed using the attenuated total reflection technique. The spectra were recorded with a Perkin Elmer 325 IR spectrometer as described in detail elsewhere (21) . Datum points were obtained at increments of 0.714 cm-' in the range of 2,000 to 1,000 cm-'. The amide I and II bands (1,720 to 1,480 cm-') were subjected to band shape analysis for assessing the P-structure content of the S-layer protein. For this purpose a computer program based on the least-squares method of Fraser and Suzuki (16) 
RESULTS
Assessment of data. The S-layer of S. ureae has p4 symmetry with a clear handedness visible in the optical diffractograms (3, 33) . The images of the tilted specimen consistently contained information out to a crystallographic resolution of 2.1 nm, corresponding to the sixth diffraction order of the untilted projection ( Fig. 1 ). Correlation averaging provided a resolution of 1.7 nm in the x,y-plane as assessed by the radial correlation function. The Fourier space is densely filled to 2 nm and more sparsely but significantly filled to 1.7 nm ( radiation damage was not affecting the results; the power spectra and the resolution assessment curves are almost identical in the significant parts. Due to high tilting, only the first two lattice lines (corresponding to the lines 1,0 and 1,1) are incompletely covered (Fig. 2 ). The quality of the lattice line data obtained is illustrated by the examples shown in Fig. 3 , together with the computer-fitted curves.
The consistency of the reconstruction with the original data was judged by comparing averages of the tilted images with corresponding projections through the 3-D reconstruction. Thresholding during the course of model building was performed using the following constraints: (i) the extent of the structure in the z-direction (i.e., perpendicular to the layer plane) as judged from the contrast variation curve, (ii) the steepest density gradients in the z-slices (i.e., horizontal sections), and (iii) the correspondence between the original averages and appropriate projections through the thresholded 3-D reconstructions. Some of the averages and the corresponding projections are shown in Fig. 4 . The thresholded images appear to be somewhat fainter since only 70% of the expected volume is included.
Description of the structure. The tetragonal unit cell has a lattice constant of 12.9 nm, which is in agreement with earlier reports (3, 33) . In projection it shows a characteristic substructure ( Fig. 4 and 5 ): a massive core at the (major) fourfold symmetry axes, i.e., the major tetramer according to the nomenclature of Aebi et al. (1) , arms connecting adjacent unit cells via the twofold symmetry axes, and spurs connecting corresponding substructures of neighboring unit cells at the subsidiary fourfold symmetry axes (minor tetramer). The horizontal and vertical sections through the 3-D reconstruction ( Fig. 5 and 6 ) illustrate the arrangement VOL. 168, 1986 312 ENGELHARDT ET AL. of the core, arms, and spurs, emanating from the underside of the arms, in three planes in the z-direction. The orientation of the S-layer with respect to the cell was determined by surface relief reconstruction of freeze-etched and heavymetal-shadowed cells. The structure of the relief of the outer surface in Fig. 7 corresponds to the smooth surface aspect (Fig. 5A and 8) ; thus in turn, the side showing the massive core in the 3-D reconstruction can unambiguously be assigned to the inner surface of the S-layer. A corresponding orientation was proposed by Stewart and Beveridge (33) based on micrographs of sectioned material.
The core is split into two parts, a massive tetramer at the inner surface and a lighter tetramer at the outer face; both tetramers are rotated 450 with respect to each other. While the other structural domains are clearly connected, the small tetramer shows only a weak connectivity, suggesting that this part may represent a flexible feature of the S-layer. The core encloses a large cavity (maximum diameter, 4 nm) with LINE 1.4 J. BACTERIOL.
: an apparently smaller opening (approximate diameter, 2.5 nm) at the outer surface. The pore appears to be closed at the inner side, possibly due to distortions induced by some flattening of the core upon adsorption to the carbon film ( Fig.   5 ).
If the reconstruction is performed with a restricted range of tilts (up to 58.5°only), the structure changes remarkably. The reconstruction is apparently thicker, the mass distribution at the subsidiary fourfold symmetry axis is altered, and significant "mass" appears in the pore, closing it entirely.
Another 3-D reconstruction of the S-layer oriented with the outer surface towards the carbon support (data not shown), revealed an unflattened core (but the pore was still closed, tilts being available to 700 only); the spurs, which in this orientation are touching the carbon film, show no obvious distortions, indicating a rigid structure. The domain disposition was identical in the two reconstructions; hence we conclude that our 3-D structure does not suffer from gross artifacts due to effects such as surface denaturation or partial staining. Low stain levels tend to emphasize one of the two surface aspects and have been exploited by Steward and Beveridge (33) in order to obtain a rough idea of the 3-D organization of the layer. We have not observed one-sided staining patterns in our preparations, which would clearly be undesirable for a complete 3-D reconstruction.
The thickness of the S-layer is about 6.6 nm, as assessed from the contrast-variation curve drawn from the recon- Layer A shows the spurs (minor tetramer) at the subsidiary fourfold symmetry axes, layers B to D show the arm domain, and layers D to F show the core domain (major tetramer) of the S-layer. The core appears to be flattened (F) due to adsorption artifacts. The domains as extracted for modeling the putative monomer shown in Fig. 9 are emphasized. structed z-slices. The 3-D model, presented as computergenerated views (Fig. 8 ), provides an impression of the two sides. The surface showing the massive core has a rough appearance with deep "valleys" (ca. 4.5 nm) at the subsidiary fourfold symmetry axes; the outer surface (smooth) shows numerous gaps and holes (2 to 3 nm wide), but all domains extend to about the same level. The model in Fig. 8 fills about 70% of the expected volume, based on a molecular weight estimate for the monomer of 115 kilodaltons (kDa) (obtained from lithium dodecyl sulfate-polyacrylamide gel electrophoresis) and a specific protein density of 1.37 g/cm3. The apparent molecular weight corresponds to earlier results (3) and was confirmed by mass determination (13) of unstained material with the scanning transmission electron microscope (unpublished data).
The relatively clear density variation in the z-slices ( Fig. 5 ) encouraged us to derive a model of the monomer (Fig. 9 ). In places where adjacent monomers touched, it was assumed that the lowest-density regions represented the contact areas. Although this does not unambiguously yield the correct molecular boundaries, the model of the putative monomer in Fig. 9 clearly illustrates the multidomain structure of the S-layer protein (maximum length, 10 nm). Estimates of the partial masses of the several domains are (assuming 115 kDa for the monomer): core domain, 40 to 50 kDa; arm domain without the thickening, i.e., part of the spur, 45 to 55 kDa; and the whole spur, ca. 20 to 25 kDa. The minor globular mass at the outer surface of the core occupies less than 10 kDa.
Assessment of the secondary structure. The IR spectrum, particularly in the amide I and II regions between 1,720 and 1,480 cm-, may be used as a diagnostic tool for protein secondary-structure determination (21) ; it is especially powerful in determining a-structure composition. The peak position of the amide I band at 1,640 cm-' (Fig. 10) is indicative of an appreciable amount of ,B-structure in the S-layer protein; the band shape analysis yields a p-structure content of 37 ± 5%. The average length of ,-strands may be estimated from the precise position of the band assigned to the p-structure (21) . The position at 1,638 cm-' corresponds to an average length of ca. 7 amino acid residues per r-strand. If we assume 0.35 nm to be the periodicity along the polypeptide chain (15) , the average length of p-strands would be 2.5 nm. No attempts have been made to assess the portion of a-helix conformation. The strong component at 1,655 cm-1 and the peak position of the amide II band at 1,530 cm-', however, suggest that the a-helix content is low and that the remainder is largely in a random coil conformation.
DISCUSSION
The structure of the S-layer of S. ureae as revealed by 3-D reconstruction has proved to be more complex than might be anticipated from projections only. The reconstruction shows a clear domain structure. The surfaces are characteristically different, confirming the findings with low stain levels, which emphasize either the inner or the outer surface (33) , and with heavy-metal-shadowed preparations (13a) . The comparison of 3-D structures of different S-layers will provide valuable information concerning structural domains, conservative and variable features, etc., which should provide clues concerning their function. However, it has been shown (2) that two major artifacts may give rise to problems in interpreting and comparing 3-D reconstructions (for a more detailed discussion, see Baumeister and Engelhardt, in press). First, the layer protein may become distorted upon adsorption to the carbon support. Some flattening has been observed with the core of the S. ureae S-layer, but apparently none if the outer surface of the layer was adsorbed. The extent of distortions seems to vary greatly among S-layers (Baumeister and Engelhardt, in press). Due to flattening, the thickness of the S. ureae layer is likely to be slightly underestimated; it might be >7 nm rather than 6.6 nm. The second problem concerns artifacts created by missing information due to limited tilting (the missing-cone problem). A well-known, although occasionally disregarded, consequence is elongation of structures in the z-direction, which becomes dramatic if tilting is restricted to angles much below 60° (2, 13a) . Accordingly, 3-D reconstructions of the S-layers of "Synechocystis" sp. (20) and Chlamydia trachomatis (10) with maximum tilt angles of 490 and 500, respectively, suggest the layers to be very thick (13 to 14 nm). Probably more serious, however, is the problem of the artifacts (clutter) that may create spurious "masses" in the 3-D reconstruction (2, 13a) . The pore of the S-layer of S. ureae appeared to be completely closed if tilting was restricted to 60°. This observation may be of particular importance if the diameters of pores are small or close to the resolution limit. Whether the pore of the S. ureae S-layer is closed (due to the missing cone effect or to structural distortions upon adsorption) cannot yet be determined; however, it may be that the opening is too small to be resolved clearly at the resolution achieved.
S-layers can be classified according to the scheme of Baumeister et al. (2) with respect to the symmetry, the locations of the major domain, and the connectivities. The notation MnCm describes a structure in which the heavier domains of the molecules form a massive (M) core around the n-fold symmetry axis while the lighter domains provide connectivity (C) across the m-fold symmetry axis. Accordingly, the S. ureae S-layer is classified as an M4C2,4 type since the connections at the twofold and subsidiary fourfold symmetry axes are of similar "strength." Few of the tetragonal S-layers (31) are sufficiently characterized to allow classification. The S-layers of the closely related species S. ureae and B. sphaericus (14, 24) can be classified in the same category. The layers of Bacillus polymyxa (7) and Clostridium thermosaccharolyticum (11) , assigned as M4C2 types, appear to be similar to each other but differ significantly from the S. ureae S-layer, as far as it can be judged from 2-D averages. The lattice constants are smaller (10 and 11.5 nm, respectively), most of the mass is confined around the major fourfold symmetry axis, and the arms are shorter. B. polymyxa and the clostridia are less closely related to S. ureae than B. sphaericus (32) . The tetragonal It begins to emerge that S-layers have some structural principles in common: the outer surfaces appear to have a highly variable structure, clearly visible already on the level of domain structures, whereas the parts of the layer directed towards the interior of the cell are much more conservative. The layers of S. ureae and B. sphaericus, being almost identical in unit cell size and topology (22) , show significant differences on the smooth faces corresponding to the outer surface. The core which is located towards the cell making contact with the peptidoglycan appears to be almost congruent in the 3-D reconstructions of S. ureae and B. sphaericus (22) . Similar observations have been made with other (hexagonal) S-layers, e.g., of Deinococccus radiodurans (2), Acetogenium kivui (M. Rasch and W. Baumeister, unpublished data), and Clostridium thermohydrosulfuricum (18a). The outer surfaces frequently show large funnel-like openings of the pores, but appear to be more variable than the inner surfaces; this either indicates a weaker selection for a certain structure or reflects species-specific functions of S-layers related to the structure of the outer surface. The regular and individual surface structure of the exposed S-layers may well be suited to mediating specific cell-cell contacts. We have, in fact, observed that isolated fragments of the S. ureae S-layer spontaneously associate, such that the unit cells are precisely in register and the aligned pores form continuous channels across the two sheets (Engelhardt and Baumeister, unpublished data). According to a hypothesis of W. Baumeister and R. Hegerl (FEMS Microbiol. Lett., in press), such bacterial "connexons," if they occur in vivo, could be involved in the exchange of genetic material.
Apart from some equivalence in the domain structure, S-layers appear to have remarkably similar secondarystructure compositions. The proteins of D. radiodurans (4), A. kivui (M. Rasch and W. Baumeister, unpublished data), S. ureae, and Azotobacter vinelandii (6) show approximately equal portions of p-structure and, presumably, small amounts of a-helix. The correlation of secondary structure with certain domains, however, remains to be established. It is worth mentioning here that the S-layer of the archaebacterium Sulfolobus acidocaldarius (19) and the cell sheath of Methanospirillum hungatii (34) were also found to have appreciable amounts of n-structure.
More 3-D studies, as well as information on the primary protein structures, are required to establish structural relationships among S-layers and to shed some light on their evolution. The closely related species S. ureae and B. sphaericus (SAB > 0.6) are particularly suited for investigating the species-specific features and differences of structurally similar S-layers. A more detailed study comparing the S-layers and their proteins is in preparation.
